Abstract-The present study contributes to the understanding of DNA compaction in the cell nucleus at the nucleosomal level. The interaction between DNA and histones affects key processes of cell life, including replication and transcription. This interaction can be described in terms of a free energy profile. In this paper, we calculated the free energy profile during DNA unwrapping from the histone octamer. The calculations were carried out using the MM/PBSA method. The calculated profiles are in good agreement with experimental data published earlier. The obtained results indicate the applicability of the technique for studying the effect of posttranslational modifications of histones and histone variants on nucleosome energy, which is important for understanding the mechanisms of transcriptional regulation in chromatin.
INTRODUCTION
In eukaryotic cells, genomic DNA is organized into chromatin. The elementary recurring chromatin unit is the nucleosome, which is ~145-147 base pairs (bp) of DNA wrapped around the histone octamer approximately 1.7 times. The protein part of the nucleosome has the shape of a cylinder (radius 65 Å, height 60 Å) and consists of four dimers of histones: H2A-H2B, H3-H4. Wrapping of DNA around nucleosomes leads to compaction of linear DNA sizes by a factor of 6-7, which leads to the appearance of physical obstacles for the interaction of DNA with various protein factors. Regulation of the packing density, and, hence, DNA access, can be carried out through histone chaperones and chromatin remodeling factors by introducing post-translational modifications of histones or changes in histone composition [1] . Despite dense packing, high-frequency thermal motions and largescale conformational transitions are characteristic of nucleosomes; an example of this mobility is the partial separation of the terminal regions of DNA from nucleosomes, "breathing," which speaks of the lesser binding energy of these DNA sites to histones. Thus, the nucleosome is a stable but, at the same time, a dynamic complex that, in addition to compacting the genetic material, also regulates gene expression.
Nucleosomes are connected to each other by linker DNA segments of approximately 50 bp. The formation of a denser DNA packing (for example, a 30-nm fibril) is promoted by histone H1, which interacts with DNA at the sites of its entry and exit from the histone octamer.
There are a number of experimental methods for estimating the energy of DNA-histone interactions. The first crystallographic studies of the interactions under consideration have revealed the following arrangement of the strongest contacts: positions symmetrical relative to the dyadic axis, ±5 and ±36-±46 bp [2] . Experimental methods do not make it possible to estimate the energy of interaction of nucleosomal DNA with the histone octamer through measurement of equilibrium concentrations of free DNA and nucleosomes [3] , but there are methods for direct measurement of the energy profile of the interaction of individual regions of DNA with histones. The most interesting examples are experiments on the force stretching of single nucleosomes with the help of optical tweezers [4] .
The experimentally observed stepwise elongations of the nucleic acid during stretching are described by a three-stage model [2] . According to this model, at the beginning of the action, the outer coil of DNA can be reversibly separated; further prolongation requires overcoming the energy barrier and leads to an irreversible wrapping of the inner coil of DNA. At the last stage, the octamer is completely separated from DNA.
In spite of the fact that the histone octamer is considered quite stable, it is not completely clear what happens to it during the force unwrapping. The initiation of nucleic acid unwrapping is hampered by its
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interaction with the N-terminus (H3) and the C-terminus (H2A), while the N-termini (H2A, H2B, and H4) interfere with the process of unwrapping in the late stages. Thus, in molecular dynamics studies (MD), the DNA-histones contacts (in the case of nucleosomes with histone tails) proved to be stronger than inter-histone contacts [5] . Studies carried out by the method of the Förster resonance energy transfer from single molecules (spFRET) demonstrated the mobility of a histone core capable of dealing with the loss of the dimer H2A-H2B and even the tetramer (H3-H4) 2 [6] . Among other things, experiments combining spFRET and optical tweezers have shown that the flexibility of DNA depends on the nucleotide sequence [6] .
The mobility of the nucleosome and histone tails and the small sizes of the object make it difficult to conduct experimental studies, which are highly complex. In this connection, computer simulation methods for estimating the energy of interaction of DNA with histones are a very promising alternative to such experiments.
A number of methods are described in the literature for the theoretical estimation of the energy of DNA-histones interaction. However, they are not without a number of approximations and allowances. In general, the binding strength of the ligand-receptor complex (DNA-histones) is determined by the free binding energy, ΔG bind . This energy can be estimated by repeating the experiment on stretching the nucleosomes by molecular dynamics (MD) through applying external forces to the terminal regions of DNA [5] . In the previous experiments, five stages of DNA unwrapping and two main energy barriers in the regions of 70 and 45 bp relative to the dyad axis were identified.
It is possible to estimate the energy of interactions both with the help of the thermodynamic integration method based on the full-atomic force fields and with the help of empirical coarsened models. But a complete atomic simulation requires a very large number of computations, and the use of coarse-grained models does not give the desired accuracy.
In this paper, to calculate the energy profile of DNA unwrapping from the histone core, we used the MM/PBSA method (Molecular Mechanics/PoissonBoltzmann Surface Area) [7] . This method combines full atom models of the nucleosome with field models of the solvent, which makes it possible to carry out calculations with adequate accuracy in reasonable time. The calculated profiles are consistent with previously obtained experimental data, which indicates the applicability of the approach for solving the next level of biological problems, for example, assessing the effect of post-translational modifications of histones on energy profiles of DNA unwrapping from the nucleosome.
MATERIALS AND METHODS
In the MM/PBSA method, ΔG bind has the following form:
The free energy of the systems (P-histones, L-DNA, or PL-nucleosome) is defined as:
where E bnd is the binding energy of valence and dihedral angles, E el is the energy of electrostatic interactions, E VdW is the energy of Van der Waals interactions; G pol and G np are the polar and nonpolar contributions to the free energy of solvation and TS is the entropy component. When using MM/PBSA, the following features of the method should be considered. First, the calculation of the Poisson-Boltzmann electrostatic potential does not make it possible to consider a number of effects, in particular, the adsorption of ions on DNA. Second, the following thermodynamic approximations are used in the method: the conformational entropy of the complex is not taken into account (this contribution is often omitted due to the large error in calculating the entropy by the normal-mode method) as well as the effects associated with the presence of water molecules on the interface of DNA-histones interaction.
To carry out a study based on the crystal structure of the nucleosome from the PDB database with the PDB ID 1kx5 [8] , model systems in the full atom approximation were created. In the original structure of the nucleosome, mobile histone tails were removed [9] and DNA was unwrapped (from 5 to 40 bp in 5 bp increments), as shown in the Fig. 1a . Further, for these systems, we carried out molecular dynamics simulation, which made it possible to obtain ensembles of various conformations of the original structures. For this purpose, the systems were placed in rectangular simulation cells, taking into account that the smallest distance from the nucleosome to one of its faces should be not less than 1 nm. The free space of the cell was filled with water molecules (model TIP3P) and sodium and chloride ions at a concentration of 150 mM. To prevent edge effects, periodic boundary conditions were used. To bring the system to thermodynamic equilibrium, the potential energy was minimized by the method of steepest descent. Further balancing of the system was performed according to the previously described technique [10] . For the thermostating of the computational cell, a modified Berendsen thermostat with a stochastic addition was used, where water and molecules were thermostated separately. As a barostat, the Parinello-Raman isotropic barostat was used. Further, the trajectories of the motion of atoms with duration from 1 to 5 ns were calculated. The stability of the systems was estimated by calculating the least root-mean-square deviation of the structure along the trajectory (RMSD).
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The simulation was carried out using the AMBER99SB-BSC0 force field [11] , and the integration was performed using the leap-frog method with 1 fs time step. Electrostatic interactions were accounted for using the PME method (lattice spacing 1Å, the cutoff radius of interactions in the forward space 1 nm, cubic interpolation). To account for the van der Waals interactions, a cutoff radius of 1 nm was used with smooth equalization of the potential at the cutoff boundary. The calculations were carried out in the Gromacs program [12] . The VMD program was used to visualize the models [13] .
RESULTS AND DISCUSSION
In the course of the work, we created and equillibrated model nucleosomal systems in water with unwrapped base pairs (from 5 to 40 in 5 bp increments) on both sides (conditionally named R and L) (Fig. 1a) . By the molecular dynamics method, the trajectories of the motion of atoms (lengths from 1 to 5 ns) were calculated. Using the MM/PBSA method, the energy profiles of DNA unwrapping were constructed (Fig. 1b) , which are consistent with the experimental data obtained on single nucleosomes [14] .
The shape of the theoretical curves coincided well with the experimental data (Fig. 1b) . The difference in the absolute values of the free binding energy is explained by the peculiarities of calculating the electrostatic contribution in the MM/PBSA method (which is determined to within a constant). This remark is also true for the obtained contributions of various energy components to the binding energy. When calculating the interaction energy of DNA with histones for the initial unbalanced structures, the contribution of van der Waals interactions was shown to be greatly overestimated, which is associated with significant steric overlaps in the models and confirms the need to use the molecular dynamics trajectories. However, with the increase in the length of the trajectory (from 1 to 5 ns), the accuracy of the method, taking into account the measurement error, did not increase by comparably significant values. Thus, it can be concluded that, in order to balance the time spent for calculations and the accuracy of the results obtained, we can confine ourselves to a path length of 1 ns.
In addition to calculating the free energy profile for the constructed nucleosome, a similar calculation was also made for the hexasome, a nucleosome without the dimer of histones H2A-H2B (unwrapping was carried out from the side opposite to the removed histones). It is interesting that the curve obtained for this calculation better corresponds to the experimental values. It can be assumed that not only nucleosomes but also hexasomes participated in the experiment, because histones H2A-H2B are capable of spontaneous reversible dissociation. This assumption is true only if the error of the method is small. Indeed, the dispersion of the free energy values calculated along the trajectories is small relative to the absolute values, but it apparently cannot be used directly to estimate the error of the method. This estimate can be carried out differently. The nucleosome has a pseudosymmetric structure with respect to the dyad axis. In this paper, we used the 1KX5 structure with a palindromic (relative to the dyad axis) DNA. Thus, the free energy profiles during DNA unwrapping from different sides must coincide; however, the corresponding calculated profiles differ from one another (Fig. 1b) . The difference between profiles can serve as a measure of the error of the method. Differences in energy for different sides of DNA can be explained by the fact that the calculation of short trajectories of molecular dynamics is not sufficient for a complete study of the configuration space near the initial structure. In addition, histone tails were not completely removed (not up to the first elements of the secondary structure) but according to the regular positions of their removal in experiments.
The remaining short sections of histone tails are conformationally labile and lead to noising of the calculated free energy profile when using calculated trajectories of small length. Thus, we have shown that the developed technique makes it possible to study the energy profiles of DNA binding to histones in various nucleosomal intermediates formed during DNA unwrapping from the histone nucleus. This technique can be used to study the effect of post-translational modifications of histones and histone variants on the energy landscape of nucleosomes, which is important for understanding the mechanisms of transcription regulation in chromatin.
